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mium compound to prepare a polymer, and a hydrogen- 
ation step of adding a hydrogenation catalyst and hy- 
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Description 

Technical Field 

[0001] This invention relates to a process for produc- 
ing a hydrogenated product of a cyclic olefin polymer 
prepared through ring-opening polymerization, with en- 
hanced efficiency. 

Background Art 

[0002] Aprocessforpolymerizingacyclicolefin by us- 
ing a polymerization catalyst comprising a tungsten 
compound, a molybdenum compound, a ruthenium 
compound or an osmium compound has hitherto been 
well known. The polymer produced through ring-open- 
ing polymerization according to this process has poor 
heat-stability because of the presence of double bonds 
in the backbone chain. As an improvement of this proc- 
ess, a process for hydrogenating a polymer prepared 
through ring-opening polymerization has been pro- 
posed. 

[0003] For example, a process has been proposed 
wherein a cyclic olefin is polymerized through metathe- 
sis ring-opening polymerization by using a transition 
metal compound having tungsten or molybdenum as a 
central atom, and then, a hydrogenation catalyst is add- 
ed to hydrogenate carbon-carbon double bonds in the 
backbone chain of the polymer (Japanese Unexamined 
Patent Publication (hereinafter abbreviated to "JP-A") 
No. H5-271326, JP-A H9-77853 and JP-A 
H1 0-1 951 83). However, when a hydrogenation catalyst 
is added into a polymerization system as prepared by 
using a tungsten or molybdenum-containing polymeri- 
zation catalyst, to hydrogenate a polymer thus-prepared 
through ring-opening polymerization, the polymeriza- 
tion catalyst poisons the hydrogenation catalyst. There- 
fore, the hydrogenation reaction must be carried out af- 
ter the polymerization catalyst is removed from the po- 
lymerization system, or a large amount of the hydrogen- 
ation catalyst must be used. 

[0004] In JP-A HI 0-1 95182, a process has been re- 
ported wherein a cyclic olefin is polymerized through 
ring-opening polymerization using a catalyst comprising 
ruthenium-carbene compound, then a modifier such as 
ethyl vinyl ether is added to modify the catalyst, and then 
the as-produced polymer is hydrogenated in the pres- 
ence of the modified catalyst. This process is advanta- 
geous in that the polymerization step and the hydrogen- 
ation step can be consecutively carried out. However, 
the present inventors have found that hydrogenation re- 
action does not proceed often to the desired extent in 
this process. Further, the above-mentioned catalyst is a 
homogeneous catalyst and thus the separation and re- 
moval thereof from the polymerization system is trou- 
blesome. 



DISCLOSURE OF THE INVENTION 

[0005] An object of the present invention is to provide 
an industrially advantageous process for producing a 

5 hydrogenation product of a cyclic olefin polymer pre- 
pared through ring-opening polymerization, wherein the 
hydrogenation reaction can be carried out subsequent 
to polymerization without separation and removal of a 
polymerization catalyst from the polymerization system, 

10 and the amount of a hydrogenation catalyst can be 
small. 

[0006] To achieve the above-mentioned object, the 
present inventors have made extensive research, and 
found that, in the case where a cyclic olefin is polymer- 
's ized through ring opening polymerization using an orga- 
noruthenium compound or an organoosmium com- 
pound as a polymerization catalyst, and then the ob- 
tained polymer is hydrogenated, if a hydrogenation cat- 
alyst and hydrogen are added in the polymerization sys- 
20 tem as-obtained by polymerization, the hydrogenation 
takes place efficiently to give a hydrogenation product 
with a high yield; and further found that, when a heter- 
ogeneous catalyst supported on a carrier is used as the 
hydrogenation catalyst added after completion of po- 
25 lymerization, the polymerization catalyst can be easily 
removed. Further, when a polymerization catalyst con- 
taining an organo ruthenium compound or an oranoos- 
mium compound, and a heteroatom-containing carbene 
compound Is used, the catalyst exhibits a higher activity 
30 for the ring-opening polymerization. Based on these 
findings, the present invention has been completed. 
[0007] Thus, in accordance with the present inven- 
tion, there Is provided a process for producing a hydro- 
genated product of a polymer prepared through ring- 
35 opening polymerization which comprises: 

a polymerization step of polymerizing a cyclic olefin 
through ring-opening polymerization in the pres- 
ence of a polymerization catalyst comprising an or- 

40 ganoruthenium compound or an organoosmium 
compound to prepare a polymer, and 
a hydrogenation step of adding a hydrogenation 
catalyst and hydrogen Into a polymerization system 
resulting from the polymerization step to hydrogen- 

45 ate the cartDon-carbon double bonds in the polymer 
prepared through the ring-opening polymerization. 

[0008] Further, in accordance with the present inven- 
tion, there is provided a process for producing a polymer 

50 through ring-opening polymerization, characterized in 
that a cyclic olefin is polymerized through ring-opening 
polymerization using a polymerization catalyst compris- 
ing an organoruthenium compound or an organoos- 
mium compound, and a heteroatom-containing carbene 

55 compound in the absence of a solvent or In the presence 
of a halogen-free solvent. 
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Best Mode for Carrying Out the Invention 

[0009] The invention will be described on preferred 
ennbodinnents thereof. 

(Cyclic Olefin) 

[0010] The cyclic olefin used in the present invention 
is chosen from (1) polycyclic olefins having a nor- 
bornene ring such as norbomenes, dicyclopentadienes 
and tetracyclododecenes, and (2) monocyclic olefins 
and monocyclic diolef ins. These olefins may have a sub- 
stttuent such as an alkyi, alkenyi or alkylidene group, or 
may have a polar group, and further may have a double 
bond other than the double bonds of the norbornene 
ring. 

[0011] Of these, to produce a polymer having excel- 
lent heat stability and solubility through ring-opening po- 
lymerization, cyclic olefins having three rings through six 
rings, which include a norbornene ring, are preferable. 
Cyclic olefins with three rings such as dicyclopenta- 
dienes, and cyclic olefins with four rings such as tetra- 
cyclododecenes are especially preferable. 

Polycyclic Olefins with Norijornene Ring 

(i) Dicyclopentadienes 

[001 2] By the tenn "dicyclopentadienes" used herein 
is meant cyclic olefins having three rings including a nor- 
bornene ring. The dicyclopentadienes may have a sub- 
stituentsuch as an alkyI, alkenyi or alkylidene group. 
[0013] As specific examples of the dicyclopenta- 
dienes, there can be mentioned dicyclopentadiene and 
methyl-dicyclopentadiene. Further, tricyclo[4.3. 12.5.0]- 
deca-3-ene also is included, which has a structure such 
that the double bonds in the five-membered ring of di- 
cyclopentadiene are saturated. 

(it) Tetracyclododecenes 

[0014] Tetracyclododecenes are represented by the 
following fomriula [4]: 




wherein through R"'^ represent a hydrocartDon group 
having 1 to 3 cariDon atoms or a halogen atom, R^^ 
through R^^ represent a hydrogen atom, a hydrocartDon 
group having 1 to 20 carison atoms or a substituent hav- 

5 ing a halogen, silicon, oxygen or nitrogen atom, and R"'^ 
and R'lfi may form together a ring. 
[0015] Tetracyclododecenes include four types of 
monomers: (a) monomers having no double bond ex- 
cept forthe double bond of the nortDomene ring, (b) mon- 

10 omers having a double bond in addition to the double 
bond of the nort^omene ring, (c) monomers having an 
aromatic ring, and (d) monomers having a polar group. 

(a) As specific examples of the monomers having 
IS no double bond except for the double bond of the 

nortDomene ring, there can be mentioned tetracy- 
clododecene, S-methyl-tetracyclododecenei 
8-ethyltetracyclododecene, 8-cyclohexyltetracy- 
clododecene and 8-cyclopentyl-tetracyclodo- 
20 decene. These tetracyclododecene monomers (a) 
may have a substituent. 

(b) As specific examples of the monomers having a 
double bond in addition to the double bond of the 
norbornene ring, there can be mentioned 8-methyl- 

25 idenetetracyclododecene, 8-ethylidenetetracy- 
clododecene, 8-vinyltetracyclododecene, 8-prope- 
nyltetracyclododecene, 8-cycIohexenyltetracy- 
clododecene and 8-cyclopentenyttetracyclodo- 
decene. 

30 (c) As a specific example of the monomers having 
an aromatic ring, there can be mentioned 8-phe- 
nyltetracyclododecene. 

(d) As a specific example of the monomers having 
a polar group, there can be mentioned oxygen at- 

35 om-contalning tetracyclododecenes such as 
8-methoxycariDonyl-tetracyclododecene, 8-methyl- 
8-methoxycarbonyl-tetracyclododecene, 8-hy- 
droxymethyltetracyclododecene, tetracyclodo- 
decene-8,9-dicart)oxylic acid, tetracyclododecene- 

40 8,9-dicariDOxylic anhydride; nitrogen atom-contain- 
ing tetracyclododecenes such as 8-cyanotetracy- 
clododecene and tetracyclododecene-8,9-dicari30- 
xylic acid imide; halogen atom-containing tetracy- 
clododecenes such as 8-chlorotetracyclodo- 

"^5 decene; and silicon atom-containing tetracyclodo- 
decenes such as 8-trimethoxysilyl-tetracyclodo- 
decene. 

(ill) Other Cyclic Olefins Having Norbornene Ring 

50 

[0016] In the present invention, cyclic olefins having 
a norbornene ring other than the above-recited cyclic 
olefins with a norbornene ring can also be used. 
[0017] Said other cyclic olefins having a norbornene 
55 ring include, for example, those which have no ring other 
than a norbomene ring. As specific examples thereof, 
there can be mentioned norbornenes such as nor- 
bomene, 5-methyInorbomene, 5-ethyl norbornene, 
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5-buty!norbornene, 5-hexylnorbornene, 5-decylnor- 
bornene, 5-cyclohexylnorbomene and 5-cyclopentyl- 
norbornene; oxanorbomenes such as 5-methy!oxanor- 
bornene, 5-ethyloxanorbornene, 5-butyloxanor- 
bornene, 5-hexyloxanorbornene, 5-decyloxanor- 
bornene, 5-cyclohexyloxanorbornene and 5-cy- 
clopentyloxanorbornene; norbomenes having a double 
bond in addition to the double bond within the ring, such 
as 5-ethylidenenorbornene, 5-vinylnorbornene, 5-pro- 
penyinorbornene, 5-cyclohexenyl-norbomene and 
5-cyclopentenylnorbornene; and oxanorbomenes hav- 
ing a double bond such as 5-ethylideneoxanorbomene, 
5-vinyloxanorbornene, 5-propenyloxanorbomene, 
5-cyclohexenyloxanorbornene and 5-cyclopenteny- 
loxanorbornene. 

[0018] The other cyclic olefins having a norbornene 
ring further include, for example, those which have a 
norbornene ring and a six membered ring stmcture. As 
specific examples thereof, there can be mentioned hex- 
acycloheptadecenes such as hexacycloheptadecene, 
1 2-methy I hexacycloheptadecene, 1 2-ethylhexacy- 
cloheptadecene, 1 2-butyl hexacycloheptadecene, 
1 2-hexylhexacycloheptadecene, 1 2-decylhexacy- 
cloheptadecene, 1 2-cyclohexyi hexacycloheptadecene 
and 12-cyclopentyl-hexacycloheptadecene; and hexa- 
cycloheptadecenes such as 1 2-ethylidenehexacy- 
cloheptadecene, 1 2-vlnylhexacycloheptadecene, 
1 2-propenylhexacycloheptadecene, 1 2-cycIohexenyl- 
hexacycloheptadecene and 1 2-cyclopentenyl-hexacy- 
cloheptadecene. 

[0019] The other cyclic olefins having a norbornene 
ring further include, for example, those which have a 
norbornene ring and an aromatic ring. As specific ex- 
amples thereof, there can be mentioned 5-phenylnor- 
bornene, 5-phenyloxanorbornene, tetracyclo[6.5.l2.5. 
Oi.6,o8.i3]trideca-3,8,10,12-tetraene {also called as 
1 ,4-methano-1 ,4,4a,9a-tetrahydrofluorene) and tetra- 
cyclo[6.6.l2.5.0i.6.o8.i3]tetradeca-3,8.10,12-tetraene 
(also called as 1,4-methano-1,4,4a,5,10,10a-hexahy- 
dro.anthracene). 

[0020] The other cyclic olefins having a norbornene 
ring further include, for example, those which have a po- 
lar group. As specific examples thereof, there can be 
mentioned noriDomenes having an oxygen atom-con- 
taining polar group such as 5-methoxycarbonyl nor- 
bornene, 5-ethoxycarbonylnorbornene, 5-methyl- 
5-methoxycarbonylnorbomene, 5-methyl-5-ethoxycar- 
bonylnorbornene, norbornenyl-2-methyl propionate, 
norbornenyl-2-methyl octanoate, nori3omene-5,6-dicar- 
boxylic anhydride, 5-hydroxymethylnorbornene, 5,6-di 
(hydroxymethyl)norbornene,5,5-di{hydroxymethyl)nor- 
bornene, 5-hydroxy-isopropylnorbornene, 5,6-dicartDO- 
xynorbornene and 5-methoxycarbonyl-6-carboxynor- 
bornene; oxanorbomenes having an oxygen atom-con- 
taining polar group such as 5-methoxycariDonyloxanor- 
bornene, 5-ethoxycarbonyloxanorbomene, 5-methyl- 
5-methoxycarbonyloxanorbomene, 5-methyl-5-ethoxy- 
carbonyloxanoriDomene, oxanorbornenyl-2-methyl pro- 



pionate, oxanorbornenyl-2-m ethyl octanoate, oxanor- 
bornene-5,6-dicait)oxylic anhydride, 5-hydroxymethyl- 
oxanorbomene,5,6-di(hydroxymethyl)-oxanorbornene, 

5.5- di(hydroxymethyl)oxanorbomene, 5-hydroxy-iso- 
5 propyloxanort^ornene, 5,6-dicarboxyoxanorbomene 

and 5-methoxycarbonyl-6-carboxyoxanorbomene; nor- 
bomenes having a nitrogen atom-containing polar 
group such as 5-cyanonort3omene and norbomene- 

5.6- dicarboxylic acid imide; and oxanortDornenes having 
^0 a nitrogen atom-containing polar group such as 5-cya- 

nooxanorbornene and oxanorbornene-5,6-dicartoxylic 
acid imide. 

[0021 ] In the case where the above-mentioned "other 
cyclic olefins having a norbomene ring" is used, it is pref- 
erable in view of heat stability and solubility that cyclic 
olefins having a norbornene ring and an aromatic ring 
are polymerized alone orcopolymerized with the above- 
mentioned cyciopentadiene ortetracyclododecene. For 
example, a tetrahydrofiuorene such as 4-methano- 
20 1 ,4,4a, 9a-tetrahydrofluorene can be copolymerized 
with the above-mentioned cyciopentadiene or tetracy- 
clododecene. 

Monocyclic Olefins and Monocyclic Diolefins 

25 

[0022] Monocyclic olefins and monocyclic diolefins in- 
clude cyclic olefins and cyclic diolefiris, which have 4 to 
20 carton atoms, preferably 4 to 1 0 cartaon atoms, and 
derivatives of these cyclic olefins and cyclic diolefins. 

30 [0023] As specific examples of the monocyclic olefins 
and the monocyclic diolefins, there can be mentioned 
monocyclic olefins described in JP-A S64-66216, such 
as cyclobutene, cyclopentene, methylcyclopentene, cy- 
clohexene, methylcyclohexene, cycloheptene and cy- 

35 clooctene; and cyclic diolefins described in JP-A 
H7-258318, such as cyclohexadiene, methylcyctohexa- 
diene, cyclooctadiene, methylcyclooctadiene and phe- 
nylcyclooctadiene. 

[0024] The cyclic olefins may be used either alone or 
40 as a combination of at least two thereof. In the case 
where a dicyclopentadiene or a cyclotetradodecene is 
copolymerized with other cyclic olefin copolymerizabte 
therewith, the copolymerization ratio is not particularly 
limited provided that the dicyclopentadiene or the cy- 
45 clotetradodecene is contained in an amount of 1% to 
1 00% by weight based on the total weight of the mono- 
mers. However, in view of heat resistance of the copol- 
ymer and commercially availability of a monomer, a di- 
cyclopentadiene or a cyclotetradodecene is used pref- 
50 erably in a larger amount, more specifically, in an 
amount in the range of 10% to 100% by weight, and 
more preferably 20% to 100% by weight. 

(Polymerization Catalyst) 

55 

[0025] An organoruthenium compound and an orga- 
noosmium compound, contained in a polymerization 
catalyst used in the present invention, are a ruthenium 
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compound and an osmium compound, respectively, 
which have an organic compound as a ligand, and in- 
clude, for example, compounds represented by the fol- 
lowing formulae [1], [2] and [3]. 

((Xl)m(l-l)nMl)z [11 

Wherein represents a ruthenium atom or an osmium 
atom, independently represents an optional anionic 
ligand, L-j independently represents an optional neutral 
electron donor compound, and a plurality of and 
may bond together to f onn a multidentate ligand; and m 
is an integer of 0 to 4, and n and 2 are Integers of 1 to 4. 




wherein Mg represents a ruthenium atom or an osmium 
atom, and R2 independently represents a hydrogen 
atom, a halogen atom, or a hydrocarbon group having 
1 to 20 carbon atoms which may contain at least one 
atom selected from halogen, oxygen, nitrogen, sulfur, 
phosphorus and silicon atoms, Xg and X3 independently 
represents an optional anionic ligand, L2 and L3 inde- 
pendently represents an optional neutral electron donor 
compound, and a plurality of R^, R2, X2, X3, Lg and L3 
may bond together to fomi a multidentate ligand. 




wherein M3 represents a ruthenium atom or an osmium 
atom, R3 and R4 independently represents a hydrogen 
atom, a halogen atom, or a hydrocarbon group having 
1 to 20 carbon atoms and having at least one atom se- 
lected from halogen, oxygen, nitrogen, sulfur, phospho- 
rus and silicon atoms, X4 and X5 Independently repre- 
sents an optional anionic ligand, L4 and L5 independent- 
ly represents an optional neutral electron donor com- 
pound, and a plurality of R3, R4, X4, X5, L4 and L5 may 
bond together to fonn a multidentate ligand. 
[0026] The anionic ligand is not particularly limited 
provided that it is a ligand having a negative charge 



when it is kept apart from the central metal. The neutral 
-electron donor compound is not particularly limited pro- 
vided that it is a ligand having a neutral charge when it 
is kept apart from the central metal, i.e., a Lewis base. 

5 [0027] As specific examples of the anionic ligands X^ , 
X2, Xg, X4 and X5 in fomnulae [1], [2] and [3], there can 
be mentioned halogen atoms such as F, Br, CI and I; a 
hydrogen atom, and acetylacetonate, diketonate, cy- 
clopentadienyl, allyl, alkenyl, alkyl., aryl. alkoxy, aryloxy, 

10 alkoxycarbonyl, arylcarboxyt, carboxyl, alkyl- or aryl-sul- 
fonate, alkylthio, alkenylthio, arylthio, alkylsulfonyl and 
alkylsulfinyl groups. Of these, a halogen atom, a cy- 
clopentadlenyl group, an allyl group, an alkyl group and 
an aryl group are preferable in view of the high activity 

'5 for polymerization. 

[0028] As specific examples of the neutral electron 
donor compound L-,, Lg, L3, L4 and L5 in fonnulae [1], 
[2] and [3], there can be mentioned oxygen, water, car- 
bonyls, amines, pyridines, ethers, nitriles, esters, phos- 

20 phlnes, phosphinites, phosphites, stibines, sulfoxides, 
thioethers, amides, aromatics, cyclic diolefins, olefins, 
isocyanides, thiocyanates and heteroatom-containing 
carbene compounds. Of these, pyridines, phosphines, 
aromatics, cyclic diolefins and heteroatom-containing 

25 carbene compounds are preferable in view of the high 
activity for polymerization. 

[0029] A polymerization catalyst having a heter- 
oatom-containing carbene compound as at least part of 
the neutral electron donor compound In fomnulae [1], [2] 

30 and [3], especially a polymerization catalyst wherein at 
least 1/2 of the neutral electron donor compound is a 
heteroatom-containing carbene compound, more spe- 
cifically, a polymerization catalyst wherein at least 1/2 
of the mole number of in fonnula [1] is a heteroatom- 

55 containing carbene compound, a polymerization cata- 
lyst wherein at least one of L2 and L3 in fonnula [2] is a 
heteroatom-containing carbene compound, and a po- 
lymerization catalyst wherein at least one of L4 and L5 
in formula [3] is a heteroatom-containing carbene com- 

40 pound, are preferable in view of the high activity for po- 
lymerization. 

[0030] The term "cartDene compound" as used herein 
is a generic name meaning compounds having a meth- 
ylene compound, that is, compounds having a divalent 

45 carbon atom with no electrical charge such as that ex- 
pressed by " > C :". A carbene compound is generally 
present as an unstable intemnediate produced during a 
reaction. However, when a carbene compound has a 
heteroatom, the carbene compound can be isolated as 

50 a relatively stable carbene compound. By the "heter- 
oatom" as used herein Is meant an atom selected from 
group 1 5 and group 1 6 of the periodic table. As specific 
examples of the heteroatom, there can be mentioned N, 
O, P, S, As and Se atoms. Of these, N, O, P and S are 

55 preferable for provision of stable carbene compounds. 
N and P are especially preferable. 
[0031] The heteroatom-containing compound in- 
cludes, for example, compounds represented by the fol- 
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lowing formulae [5] and [6]. 




I 



R 2 2 

wherein and R22 each independently represents a 
hydrogen atom, or a hydrocarbon group having 1 to 20 
carbon atoms which may contain at least one atom se- 
lected from halogen, oxygen, nitrogen, sulfur, phospho- 
rus and silicon. 

[0032] As specific examples of the heteroatom-con- 
taining carbene compound of fomnula [5], there can be 
mentioned 1 ,3-diisopropylimidazolidin-2-ylidene, 1 ,3- 
dicyclohexyl-imidazolidin-2-ylidene, 1 ,3-di(methylphe- 
nyl)imidazolldin-2-ylidene, 1,3-di(2,4,6-trimcthyl)phe- 
nylimidazolidin-2-ylidene, 1 ,3-di(methylnaphthyl)imida- 
zolidin-2-yIidene, 1,3-diadamantylimidazolidin-2-yli- 
dene, 1,3-dipheny!imidazolidin-2-ylidene and 1,3,4, 
5-tetramethylimida2olidin-2-ylidene. 
[0033] As specific examples of the heteroatom-con- 
taining carbene compound of fomnula [6], there can be 
mentioned 1 ,3-d(isopropyl-4-imidazolin-2-ylidene, 1 ,3- 
dicyclohexyl-4-imidazolin-2-yIidene, 1 ,3-di(methylphe- 
nyl) -4-imidazolin-2-ylidene, 1 ,3-di(2,4,6-trimethylphe- 
nyl)-4-imida2olin-2-ylldene, 1 ,3-di(methylnaphthyl)-4- 
imidazolin-2-ylidene, 1 ,3-diadamantyl-4-imidazolin-2- 
ylidene, 1 ,3-diphenyl-4-imidazolin-2-ylidene, 1 ,3,4,5- 
tetramethyl-4-imldazolin-2-ylidene and 1 ,3,4,5-tetra- 
phenyl-4-imidazolin-2-ylidene. 
[0034] The heteroatom -containing carbene com- 
pound further includes, in addition to those represented 
by fomnulae [5] and [6], 1,3,4-tripheny!-2,3,4,5-tetrahy- 
dro-IH-1 ,2,4-tria20l-5-ylidene, 3-(2,6-dlisopropylphe- 
nyl)-2,3,4,5-tetrahydrothia20l-2-ylidene, 1 ,3-dicycIohe- 
xylhexahydropirymidin-2-ylidene, N,N,N',N'-tetraiso- 
propylfomiamidinylidene, 1 ,3,4-triphenyl-4,5-dihydro- 
IH-1 ,2,4-tria2ol-5-ytidene and 3-{2,6-diisopropylphe- 
nyl)-2,3-dihydrothiazol-2-ylidene, 
[0035] Of the above-recited heteroatom-containing 
compounds, those In which an heteroatom adjacent to 
the carbene has a bulky substituent are especially pref- 



erable. Such preferable heteroatom-containing com- 
pounds Include 1,3-diisopropylimidazolidin-2-ilidene, 1, 
3-dicyclohexylimida20lidin-2-ilidene, 1 ,3-di(methyIphe- 
nyl)imida2olidin-2-ilidene, 1 , 3-di(2,4,6-trlmethylphenyl) 

5 imidazoIidin-2-ilidene, 1 ,3-di(methylnaphthyl)imidazoli- 
din-2-ilidene, 1 ,3-diadamantylimlda2olidin-2-ilidene, 1 , 
3-diphenylimida20lidln-2-ilidene, 1 ,3,4,5-tetraphenylim- 
idazoIidin-2-ilidene, 1,3-diisopropyl-4-imida2olin-2-lli- 
dene, 1 ,3-dicyclohexyl-4-lmldazolin-2-illdene, 1 ,3-dl 

10 (methylphenyl)-4-imidazolin-2-iiidene, 1 ,3-di(2,4,6-tri- 
methyl)-4-imidazoltn-2-ilidene, 1 ,3,4-triphenyl-2,3,4,5- 
tetrahydro-1 H-1 ,2,4-triazol-5-ilidene,3-(2,6-diisopropyl- 
phenyI)-2,3,4,5-tetrahydrothia2ol-2-illdene and 1 ,3-dl- 
cyclohexylhexahydropirimidin-2-ilidene. 

15 [0036] As specific examples of R^, R2, R3 and R4 in 
fonnulae [2] and [3], there can be mentioned a hydrogen 
atom, and alkenyl, alkynyl, alkyi, aryl, carboxyl, alkoxy, 
alkenyloxy, alkinyloxy, aryloxy, alkoxycarbonyl, alkylth- 
io, alkenylthio, arylthio, alkylsulfonyl and alkylsulflnyl 

20 groups. Of these, alkyI, aryl, alkoxy, aryloxy, alkylthio 
and arylthio groups are preferable in view of the high 
activity. 

[0037] As specific examples of the above-mentioned 
polymerization catalyst, there can be mentioned thefol- 

25 lowing compounds. 

[0038] Namely, polymerization catalysts of fonnula [1 ] 
include bis (cyclopentadienyl) ruthenium, chloro(cyclo- 
pentadlenyl)-bis(triphenylphosphine)ruthenium, dichlo- 
ro(1 ,5-cyclooctadiene)ruthenlum, dichlorotris(triphenyt- 

30 phosphine)-ruthenium, cis-dichlorobis(2,2'-bipyridyl)ru- 
thenium dihydrate, dichlorobis[(p-cymene)chlororuthe- 
nium)], dichloro(2,7-dlmethylocta-2,6-dien-1,8-diyl)ru- 
thenium, bis(cyclopentadienyl)osmium, dichloro(p- 
cymene)osmium, [1,3-diisopropylimidazolidin-2-ylide- 

35 ne](p-cymene)ruthenium dichloride, [1 ,3-diisopropylim- 
idazolidin-2-ylidene]-{trlphenylphosphine)ruthenium 
dichloride, [1,3-diisopropyl-4-imidazolin-2-ylidene](p- 
cymene)ruthenium dichloride and [1 ,3-dilsopropyl-4-lm- 
idazolin-2-ylidene]-(triphenylphosphine)ruthenium 

40 dichloride. 

[0039] Polymerization catalysts of fomnula [2] include 
ruthenium compounds having two heteroatom-contain- 
ing carbene compounds coordinated thereto such as bis 
(tricyclohexylphosphine)-benzylideneruthenium dichlo- 

45 ride, bis(triphenylphosphine)-3,3-diphenylpropenyli- 
deneruthenium dichloride, bis(1,3-diisopropylimidazoli- 
din-2-ylidene)benzylideneruthenium dichloride, bis(1 ,3- 
dicyclohexylimidazolidin-2-ylidene)-benzyndeneruthe- 
nium dichloride, bis{1 ,3-diisopropyl-4-imidazolin-2-yli- 

50 dene)benzylideneruthenlum dichloride and bls(1,3-di- 
cyclohexyl-4-imidazolin-2-ylidene)-benzyltdeneruthe- 
nlum dichloride; and ruthenium compounds having a 
heteroatom-containing carbene compound and a neu- 
tral electron donor compound coordinated thereto such 

55 as(1 ,3-dicyclohexylimida2olidin-2-ylidene)-(tricyclohex- 
ylphosphine)benzylideneruthenium dichloride, ( 1 ,3-di- 
cyclohexyl'4-imidazolin-2-ylidene)-(tricyclohexyIphos- 
phine)benzylldeneruthenium dichloride, [1 ,3-bis(2,4,6- 
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trimethylphenyl)inniclazolidin-2-yIidene]-(tricyclohexyl- 
phosphine)benzyndeneruthenium dichloride, [1,3-bis 
(2,4,6-trinnethylphenyl)imidazoHdin-2-ylidene]-(pentam- 
ethylcyclopentadienyl)benzylideneruthenium dichlo- 
ride, [1 ,3-b!s(2,4,6-trimethylphenyl)-4-imidazolin-2-yli* 
dene]-(tricyclohexylphosphine)ben2ylidenerutheniunn 
dichloride and [1 ,3-bis(2,4,6-trimethylphenyl)-4-imida- 
2otin-2-ylideneJ-(pentamethylcyclopentadienyl)benzyli- 
deneruthenium dichloride. 

[0040] Polymerization catalysts of formula [3] include 
ruthenium compounds having two heteroatom-contain- 
ing carbene compounds coordinated thereto such as bis 
(tricyclohexylphosphine)-phenylvinylideneruthenium 
dichloride, bis(triphenylphosphine) t-butylvinyiideneru- 
thenium dichloride, bis(1 ,3-diisopropylimidazolldin-2- 
ylidene)phenylvinylideneruthenlum dichloride, bls(1, 
3-dicyclohexylimidazolidin-2-ylidene)t-butylvinylidene- 
ruthenium dichloride, bis(1,3-diisopropyl-4-imidazolin- 
2-ylidene)phenylvinylidenenjthenium dichloride and bis 
(1,3-dicyclohexyl-4-imida2oIin-2-ylidene)t-butylvinyli- 
deneruthenium dichloride; and ruthenium compounds 
having a hetero atom-containing carbene compound 
and a neutral electron donor compound coordinated 
thereto such as (1,3-dicyclohexylimida2olidin-2-yli- 
dene)-(tricyclohexyIphosphine)t-butyIvinylideneruthe- 
nium dichloride, (1 ,3-dicyclohexyl-4-imida2olin-2-yli- 
dene)-(trtcyclohexylphosphine)phenylvinylidenenjthe- 
nium dichloride, [1 ,3-bis(2,4,6-trimethylphenyl)imidazo- 
lidin-2-ylidene]-(tricyclohexy!phosphine)t-butylvinyli- 
deneruthenium dichloride, [1,3-bis(2,4,6-trimethylphe- 
nyl)imidazolidin-2-ylidene](pentamethylcyclopentadi- 
enyl)phenytvinylideneruthenium dichloride, [1 ,3-bis(2, 
4,6-trimethyIphenyl)-4-imidazolin-2-ylidene](tricyclo- 
hexylphosphine)-phenylvinylideneruthentum dichloride 
and [1 ,3-bis(2,4,6-trimethylphenyl)-4-imidazolinr2-yli- 
dene]-(pentamethylcyclopentadienyl)t-butylvinyli- 
deneruthenium dichloride. 

[0041] The polymerization catalyst used in the 
present invention is usually prepared from a ruthenium- 
containing compound or an osmium-containing com- 
pound, or by mixing a ruthenium-containing compound 
or an osmium-containing compound with a heteroatom- 
containing compound and/or a neutral electron donor 
compound. Generally the respective compounds are 
dissolved in solvents and the solutions are mixed to- 
gether in a predetemriined ratio. The mixing is usually 
carried out in an inert gas at room temperature, but, it 
can be carried out at a higher temperature. When a het- 
eroatom-containing carbene compound having a poor 
stability is used, it is possible that a precursor thereof is 
mixed with the other ingredient and the resulting mixture 
is heated to convert the precursor to the objective 
carbene compound. 

[0042] It is considered that the entire amounts of the 
ruthenium-containing compound or the osmium-con- 
taining compound, the heteroatom-containtng carbene 
compound and/or the neural electron donor compound 
are not involved in the reaction for production of the 



compounds of fomnulae [1], [2] and/or [3], but, the re- 
sulting reaction mixture can be used as it Is as a polym- 
erization catalyst in the present invention. 
[0043] Alternatively, the ruthenium-containing com- 

5 pound or the osmium-containing compound, and the 
heteroatom-contalning cariaene compound and/or the 
neural electron donor compound can be separately in- 
troduced into a polymerization system to form a polym- 
erization catalyst therein. 

10 [0044] When a polymerization catalyst not containing 
the heteroatom-contalning carbene compound is used, 
in order to enhance the polymerization activity, a diazo 
compound, an acetylene compound or a silyl compound 
can be added in an amount of 1 to 1 00 times by weight 

15 of the ruthenium or osmium metal. 

[0045] The process of the present invention for pro- 
ducing a polymer through ring-opening polymerization 
of a cyclic olefin using a polymerization catalyst com- 
prising an organoruthenlum compound or an organoos- 

20 mium compound, and a heteroatom-containing carbene 
compound is believed to be novel. This polymerization 
process can be effected with a very high polymerization 
activity. This beneficial process can be carried out the 
absence of a solvent, but, is preferably candied out in the 

25 presence of a halogen-free solvent. 

(Polymerization Process) 

[0046] In the process for ring-opening polymerization 
30 of a cyclic olefin according to the present invention, the 
amount of a polymerization catalyst relative to the 
amount of the cyclic olefin, as expressed by the ratio of 
mthenium metal or osmium metal in the polymerization 
catalyst/cyclic olefin by mol/mol, is usually in the range 
35 of 1/100 to 1/2,000,000 (mol/mol), preferably 1/500 to 
1/1,000,000 (mol/mol) and more preferably 1/1,000 to 
1/500,000 (mol/mol). If the amount of a polymerization 
catalyst is too large, the catalyst Is difficult to remove. In 
contrast, if the amount of a polymerization catalyst is too 
40 small, the desired polymerization activity cannot be ob- 
tained. 

[0047] When the polymerization is carried out in a sol- 
vent, the concentration of a cyclic olefin in its solution is 
preferably in the range of 1 to 50% by weight, more pref- 

^5 erably 2 to 45% by weight and especially preferably 5 
to 40% by weight. When the monomer concentration is 
smaller than 1% by weight, the productivity is poor. In 
contrast, when the monomer concentration is larger 
than 50%, the as-obtained polymer solution exhibits un- 

50 desirably high viscosity and the succeeding hydrogen- 
ation becomes difficult. 

[0048] The ring-opening polymerization can be car- 
ried out in the absence of a solvent. However, to carry 
out the hydrogenation reaction after completion of the 
55 polymerization, the polymerization is preferably carried 
out in a solvent, and especially preferably in a halogen- 
free solvent. 

[0049] Halogen-containing solvents are not general- 
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purpose and contaminate the environment, and thus, a 
halogen-free solvent Is beneficial. The halogen-free sol- 
vent used is not particularly limited, provided that the 
polymer and the hydrogenated polymer are soluble 
therein under certain conditions and the solvent does 5 
not exert baneful influence on both of the polymerization 
and the hydrogenation. But, general-purpose solvents 
are preferable. 

[0050] As specific examples of the halogen-free sol- 
vent, there can be mentioned aliphatic hydrocarbon sol- io 
vents such as pentane, hexane and heptane; ailcycllc 
hydrocarbon solvents such as cyclopentane, cyclohex- 
ane, methylcyclohexane, dimethylcyclohexane, tri- 
methylcyclohexane, ethylcyclohexane, diethylcy- 
clohexane, decahydronaphthalene, bicycloheptane, tri- is 
cyclodecane and cyclooctane; aromatic hydrocarbon 
solvents such as benzene, toluene and xylene; nitro- 
gen-containing hydrocarbon solvents such as nl- 
tromethane, nitrobenzene and acetonitrile; and ether 
solvents such as diethyl ether and tetrahydrofuran. Of 20 
these, general-purpose aromatic hydrocarbon solvents, 
aliphatic hydrocarbon solvents and alicyclic hydrocar- 
bon solvents are preferable. In view of inertness to po- 
lymerization and hydrogenation, and capability of dis- 
solving a polymer therein, alicyclic hydrocarbon sol- 25 
vents such as cyclohexane are most preferable. 
[0051 ] The polymerization reaction Is initiated by mix- 
ing the above-mentioned monomer with the polymeriza- 
tion catalyst. The polymerization temperature is not par- 
ticularly limited, but, is usually in the range of -30°C to 30 
200'»C, preferably 0*»C to 180<'C. The polymerization 
time is usually in the range of 1 minute to 100 hours. 
[0052] To control the molecular weight of a cyclic ole- 
fin polymer, a molecular weight modifier can be used. 
As specific examples of the molecular weight modifier, 55 
there can be mentioned a-olefins such as 1-butene, 
1-pentene, 1-hexene and 1-octene; styrene and its an- 
alogues such as vinyltotuene; ethers such as ethyl vinyl 
ether, isobutyl vinyl ether and allyl glycidyl ether; halo- 
gen-containing vinyl compounds such as allyl chloride; 40 
oxygen-containing vinyl compounds such as allyl ace- 
tate, allyl alcohol and glycidyl methacrylate; and nitro- 
gen-containing vinyl compounds such as acrylamide. 
The amount of the molecular weight modifier can be ap- 
propriately chosen within the range of 0.1% to 10% by ^5 
mole based on the cyclic olefin. 
[0053] At the termination of polymerization, vinyl com- 
pounds such as those recited above as examples of a 
molecular weight modifier can be added to liberate a ru- 
thenium compound or an osmium compound from a ter- ' 50 
minal of the polymer chain, thereby enhancing the ac- 
tivity for hydrogenation . 

[0054] In consideration of the hydrogenation reaction, 
the resulting polymer has a number average molecular 
weight (Mn) of 1 ,000 to 500,000, more preferably 5,000 55 
to 200,000, as measured by gel permeation chromatog- 
raphy and expressed in terms of that of polystyrene. 



(Hydrogenation of Polymer) 

[0055] In the present invention, after the ring-opening 
polymerization, a hydrogenation catalyst and hydrogen 
are added to a polymerization system resulting from the 
ring-opening polymerization step to hydrogenate the 
carbon-carbon double bonds in the polymer prepared 
through the ring-opening polymerization. 

(Hydrogenation Catalyst) 

[0056] The hydrogenation catalyst used is not partic- 
ularly limited, provided that it is capable of being gener- 
ally used for hydrogenation of olefins and aromatic com- 
pounds. As specific examples of the hydrogenation cat- 
alyst, there can be mentioned (1) a metal catalyst sup- 
ported on a carrier, including those which comprise a 
transition metal such as palladium, platinum, nickel, rtio- 
dium or ruthenium supported on a can-ier such as car- 
bon, alumina, silica or diatomaceous earth, (2) a homo- 
geneous catalyst comprising an organic transition metal 
compound such as those containing titanium, cobalt or 
nickel as the transition metal, and an organometallic 
compound such as those containing lithium, magnesi- 
um, aluminum or tin, and (3) a metal complex catalyst 
such as those containing rhodium or ruthenium. 
[0057] As specific examples of the metal catalyst sup- 
ported on a carrier (1), there can be mentioned metal/ 
carrier combinations such as nickel/silica, nickel/dia- 
tomaceous earth, nickel/alumina, palladiunn/carbon, 
palladium/silica, palladium/diatomaceous earth, palladi- 
um/alumina, platinum/silica, platinum/alumina, rtio- 
dium/silica, rhodium/alumina, ruthenium/silica and ru- 
thenium/alumina. 

[0058] As specific examples of the homogeneous cat- 
alyst (2), there can be mentioned organic transition met- 
al compound/organometallic compound combinations 
such as cobalt acetate/trlethylaluminum, nickel acety- 
lacetonate/triisobutylalumlnum, titanocene dichloride/ 
n-butylithium, zirconocene dichloride/sec.-butyllithium 
and tetrabutoxy titanate/dimethylmagnesium. 
[0059] As specific examples of the metal complex cat- 
alyst (3), there can. be mentioned dihydridotetra(triphe- 
nylphosphine)-ruthenium, dihydrido(acetonitrile)tris 
(triphenylphosphine)-ruthenium and dihydrido(tetrahy- 
drofuran)tris-(triphenylphosphine)ruthenium. 
[0060] Of the above- recited catalysts, the metal cata- ' 
lyst supported on a carrier (1) is beneficial in that it is 
capable of adsorbing an organoruthenium compound or 
an organoosmium compound, used as a polymerization 
catalyst, and therefore, when the hydrogenation catalyst 
is separated and recovered by filtration after completion 
of hydrogenation, the polymerization catalyst can be re- 
covered together with the hydrogenation catalyst. 
[0061] The time at which the hydrogenation catalyst 
is added to a polymerization system is not particularly 
limited provided that the catalyst is added after the ring- 
opening polymerization. The catalyst can be added at 
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any time of before, at the same time or after the com- 
mencement of hydrogen addition. Even when the hydro- 
gen ati on catalyst is added after the commencement of 
hydrogen addition, it is possible that the hydrogenatlon 
proceeds to a slight extent due to the polymerization cat- 
alyst before the addition of the hydrogenation catalyst. 

(Hydrogen ation Reaction) 

[0062] Adequate conditions employed for hydrogen- 
ation varies depending upon the particular hydrogena- 
tion catalyst. Hydrogenation temperature is usually in 
the range of -20'*C to 250°C, preferably -ICC to 220^0 
and more preferably 0°C to 200''C. Hydrogen pressure 
is usually in the range of 0.1 to 100 kg/cm^, preferably 
0.5 to 70 kg/cm2 and more preferably 1 to 50 kg/cm2. At 
a too low hydrogenation temperature, the rate of hydro- 
genation reaction is low. In contrast, at a too high hydro- 
genation temperature, side reactions occur. At a too low 
hydrogen pressure, the rate of hydrogenation reaction 
is low. In contrast, at a too high hydrogen pressure, a 
high pressure reactor must be used. 
[0063] Usually the hydrogenation is carried out in an 
inert organic solvent. The organic solvent can be appro- 
priately chosen depending upon solubility of the hydro- 
genation product. As specific examples of the organic 
solvent, there can be mentioned aromatic hydrocarbons 
such as benzene and toluene; aliphatic hydrocarbons 
such as n-pentane and n-hexane; allcyclic hydrocar- 
bons such as cyclohexane and decalin; and ethers such 
as tetrahydrofuran and ethylene glycol dimethyl ether. 
^ Of these, hydrocarbons and ethers are preferable in 
view of high capability of dissolving the hydrogenation 
product therein. Among the hydrocarbon solvents, all- 
cyclic hydrocarbon solvents are especially preferable. 
[0064] The organic solvent may be the same as that 
used for polymerization. That is, the hydrogenation can 
be carried out by adding a hydrogenation catalyst to the 
as-produced organic solvent-containing polymerization 
system. 

[0065] Hydrogenation time is usually in the range of 
0.1 to 10 hours, during which at least 70%, preferably 
at least 90% and more preferably at least 95% of the 
carbon-carbon double bonds in the backbone chain of 
polymer can be hydrogenated. 

(Removal of Catalyst) 

[0066] After completion of the hydrogenation reac- 
tion, the polymerization catalyst and the hydrogenation 
catalyst are removed from the hydrogenation reaction 
solution by the following process. The metal catalyst 
supported on a carrier (1) can be removed by filtration. 
The polymerization catalyst and the homogeneous cat- 
alyst (2) and the metal complex catalyst (3) such as 
those containing rhodium or ruthenium can be removed 
by a knwon process Including a process using an ad- 
sorbent for adsorptive removal, and a process for wash- 



ing with water or a lower alcohol in the presence of an 
organic acid and/or inorganic acid. Of these, the process 
using an adsorbent for adsorptive removal employed 
when the hydrogenation is conducted by using the cat- 

5 alyst (2) or (3) has a problem such that a large amount 
of an adsorbent Is usually necessary, and the process 
for washing has a problem such that the washing must 
be repeated several times. In contrast, the process us- 
ing the metal catalyst supported on a carrier (1) is es- 

10 pecially beneficial in that, as a polymerization catalyst 
is adsorbed by a small amount of a hydrogenation cat- 
alyst, the polymerization catalyst and the hydrogenation 
catalyst can be removed at the same time merely by fil- 
tration. 

15 

(Hydrogenated Polymer Product) 

[0067] The hydrogenated polymer product has a 
number average molecular weight such that the lower 

20 limit is preferably 5,000, more preferably 7,000 and es- 
pecially preferably 10,000 and the upper limit is prefer- 
ably 1 ,000,000, more preferably 500,000 and especially 
preferably 200,000. If the number average molecular 
weight is too small, the mechanical properties are poor. 

25 In contrast, if the number average molecular weight Is 
too large, it becomes difficult to produce. 
[0068] The invention will now be specifically de- 
scribed by the following examples and comparative ex- 
amples. 

30 

(1 ) Molecular weight of a polymer prepared through 
ring-opening polymerization was measured by gel 
pemieation chromatography (GPC) using tetrahy- 
drofuran (THF) as a solvent and expressed in terms 

35 of that of polystyrene. Molecular weight of a hydro- 
genated product of a polymer prepared through 
ring-opening polymerization was measured by gel 
pemneation chromatography (GPC) using cy- 
clohexane as a solvent and expressed in terms of 

40 that of polyisoprene. 

(2) Hydrogenation percentage was measured 
byiH-NMR. 

(3) The amounts of a polymerization catalyst resi- 
due and a hydrogenation catalyst residue were de- 

45 temnined by wet ashing a hydrogenated product of 
polymer, and conducting the measurement on the 
ashed product by inductively coupled plasma emis- 
sion spectrometry. 

50 [0069] In the examples and comparative examples, 
parts are by weight unless otherwise specified. 

Example 1 (Ring-opening polymerization and 
hydrogenation) 

55 

[0070] An autoclave equipped with a stirrer was 
charged with 1 1 0 parts of cyclohexane as a solvent, 21.0 
parts of dicyclopentadiene and 9.0 parts of 8-ethyltetra- 
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cyclododecene, and 0.17 part of 1-hexene as a molec- 
ular weight modifier. Then, 0.099 part of dichlorotiis 
(triphenylphosphine)ruthenium, 0.029 part of tricy- 
ctohexylphosphlne and 0.124 part of trimethylsllyldia- 
zomethane were incorporated in 1 0 ml of toluene where- 
by they are allowed to react with each other to give a 
catalyst solution. The catalyst solution was added into 
the above-mentioned autoclave and polymerization was 
carried out at 60*'C for 1 hour. Then, 2.76 parts of ethyl 
vinyl ether was added to terminate the polymerization. 
The molecular weight of the obtained polymer was 
measured by G PC. The polymer had a number average 
molecular weight (Mn) of 12,500 and a weight average 
molecular weight (Mw) of 29,500, as expressed In terms 
of that of polystyrene. 

[0071] Thereafter, added into the autoclave a hydro- 
genatlon catalyst solution prepared by dissolving 0.14 
part of nickel (II) acetylacetonate and 0.42 part of iso- 
butyialuminum in 10 parts of cyctohexane. Hydrogena- 
tion reaction was carried out at a hydrogen pressure of 
10 kg/cm2 and a temperature of 120°C for 5 hours. After 
the completion of reaction, the reaction liquid was 
cooled and 150 parts of cyclohexane was added for di- 
lution. Then, the reaction liquid was washed with a di- 
luted hydrochloric acid three times and then with water 
three times, anhydrous magnesium sulfate was added 
and then the reaction liquid was left to stand one day. 
Then the reaction liquid wad filtered by a filter to remove 
anhydrous magnesium sulfate to obtain a coloriess 
transparent polymer solution. Analysis of the polymer 
solution for detennining the content of metal elements 
derived from the polymerization catalyst and the hydro- 
genation catalyst revealed that the contents of Ru and 
Ni in the polymer solution were 2 ppm and 5 ppm, re- 
spectively. 

[0072] The polymer solution was poured in a large 
amount of isopropanol to precipitate a polymer. The pol- 
ymer was collected by filtration, washed, and dried un- 
der reduced pressure at 80°C for 40 hours. Thus, a hy- 
drogenation product of polymer prepared through ring- 
opening polymerization was obtained in a yield of 29.0 
parts. The product had a number average molecular 
weight (Mn) of 14,300 and a weight average molecular 
weight (Mw) of 32,200, as expressed in terms of that of 
polyisoprene. The hydrogenation percentage was 90%. 

Example 2 (Ring-opening polymerization and 
hydrogenation) 

[0073] The polymerization procedures as described 
in Example 1 were repeated wherein 15.0 parts of tet- 
racyclododecene and 15.0 parts of noriDomene were 
used as cyclic olefins, 0.17 part of 1-hexene was used 
as a molecular weight modifier, and a solution prepared 
by dissolving 0.059 part of bis(1 ,3-diisopropylimidazol- 
2-ylidene)benzylideneruthenium dichloride in 10 ml of 
toluene was used as a polymerization catalyst. All other 
conditions remained the same as In Example 1 . 



[0074] The resultant polymer had a number average 
molecular weight (Mn) of 14,100 and a weight average 
molecular weight (Mw) of 32,200, as expressed in temns 
of that of polystyrene. 
5 [0075] Thereafter, 3.0 parts of 5% Pd/alumina catalyst 
was added as a hydrogenation catalyst, and hydrogen- 
ation reaction was carried out at a hydrogen pressure 
of 1 0 kg/cm2 and a temperature of 1 50*^0 for 5 hours. 
After the completion of reaction, the reaction liquid was 
10 cooled and filtered by a filter to remove the hydrogena- 
tion catalyst, thereby giving a coloriess transparent pol- 
ymer solution. Analysis of the polymer solution for de- 
termining the content of metal elements derived from the 
polymerization catalyst and the hydrogenation catalyst 
15 revealed that the contents of Ru and Pd in the polymer 
solution were below limit of detection, i.e., below 1 ppm. 
[0076] By the same procedures as described in Ex- 
ample 1 , a hydrogenation product of polymer was ob- 
tained. The yield was 29.0 parts. The product had a 
number average molecular weight (Mn) of 24,100 and 
a weight average molecular weight (Mw) of 48,100, as 
expressed in temis of that of polyisoprene. The hydro- 
genation percentage was 96%. 

Example 3 (Ring-opening polymerization and 
hydrogenation) 

[0077] The polymerization procedures as described 
in Example 1 were repeated wherein 15,0 parts of dicy- 
clopentadlene and 15,0 parts of noriaomene were used 
as cyclic olefins, 0.26 part of 1 -hexene was used as a 
molecular weight modifier, and a catalyst solution pre- 
pared by dissolving 0.01 7 part of bis(tricyclohexylphos- 
phine)benzylideneruthenium dichloride in 10 ml of cy- 
clohexane was used as a polymerization catalyst. All 
other conditions remained the same as in Example 1 . 
[0078] The resultant polymer had a number average 
molecular weight (Mn) of 8,400 and a weight average 
molecular weight (Mw) of 1 8,200, as expressed In temis 
of that of polystyrene. 

[0079] Thereafter, 0.3 part of 40% Ni/diatomaceous 
earth catalyst was added as a hydrogenation catalyst, 
and hydrogenation reaction was carried out at a hydro- 
gen pressure of 1 0 kg/cm^ and a temperature of 150°C 
for 5 hours. After the completion of reaction, the reaction 
liquid was cooled and filtered by a filter to remove the 
hydrogenation catalyst, thereby giving a colorless trans- 
parent polymer solution. Analysis of the polymer solu- 
tion for determining the content of metal elements de- 
rived from the polymerization catalyst and the hydrogen- 
ation catalyst revealed that the contents of Ru and NI in 
the polymer solution were below limit of detection, i.e., 
below 1 ppm. 

[0080] By the same procedures as described In Ex- 
ample 1 , a hydrogenation product of polymer was ob- 
tained. The yield was 29.0 parts. The product had a 
number average molecular weight (Mn) of 9,300 and a 
weight average molecular weight (Mw) of 1 9,300, as ex- 
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pressed in terms of that of polyisoprene. The hydrogen- 
ation percentage was larger than 99%. 

Comparative Exannple 1 {Ring-opening polymerization 
and hydrogenation) 5 

[0081 ] The procedures for polymerization and hydro- 
genation as described in Example 3 were repeated 
wherein, after the addition of ethyl vinyl ether, hydrogen 
was blown into the polymerization liquid but a hydrogen- io 
ation catalyst was not newly added, and the hydrogen- 
ation reaction was carried out at a hydrogen pressure 
of 1 0 kg/cm2 and a temperature of 150°C for 5 hours. 
[0082] The polymerization was carried out at a high 
temperature, i.e., 60°C, to enhance the polymerization is 
activity, and therefore, the catalyst was deactivated and 
the hydrogenation percentage was 18%. 

Comparative Example 2 (Ring-opening polymerization 
and hydrogenation) 20 

[0083] The polymerization procedures as described 
in Example 3 were repeated wherein a catalyst solution 
was prepared from 0.053 part of tungsten hexachloride, 
0.13 part of tetrabutyltin and 0.048 part of dibutyl ether, 25 
Instead of bis(tricyclohexylphosphine)benzylidenenj- 
thenium dichloride.with all other conditions remaining 
the same. The resultant polymer had a number average 
molecular weight (Mn) of 7,300 and a weight average 
molecular weight (Mw) of 1 8,200, as expressed in temns 30 
of that of polystyrene. 

[0084] Thereafter, hydrogenation was carried by the 
same procedures as described in Example 3. The yield 
of a hydrogenation product of polymer was 29.0 parts. 
The product had a number average molecular weight 35 
(Mn) of 7,700 and a weight average molecular weight 
(Mw) of 1 8,300, as expressed in tenns of that of polyiso- 
prene. 

[0085] The amount of a hydrogenation catalyst added 
was small and therefore the hydrogenation percentage 40 
was 10%. 

Example 4 (Ring-opening polymerization and 
hydrogenation) 

45 

[0086] The polymerization procedures as described 
in Example 1 were repeated wherein the amount of cy- 
clohexane was changed to 90 parts, 21 .0 parts of dicy- 
clopentadiene and 9.0 parts of 8-ethyltetracyclodo- 
decene was used as cyclic olefins, 0.17 part of 1 -hexene so 
was used as a molecular weight modifier, and a solution 
prepared by dissolving 0.085 part of bis(tricyclophos- 
phine)benzyltdeneruthenium dichloride in 1 0 parts of cy- 
clohexane was used as a polymerization catalyst. All 
other conditions remained the same as in Example 1 . ss 
[0087] The resultant polymer had a number average 
molecular weight (Mn) of 13,600 and a weight average 
molecular weight (Mw) of 31 , 1 00, as expressed in temris 



of that of polystyrene. 

[0088] Thereafter, hydrogenation reaction was car- 
ried out at a hydrogen pressure of 1 0 kg/cm^ and a tem- 
perature of 150**C for 2 hours. At this time, the hydro- 
genation percentage was 65%. Then, 0.6 part of 5% Pd/ 
alumina catalyst was added as a hydrogenation cata- 
lyst, and hydrogenation reaction was further carried out 
at a hydrogen pressure of 1 0 kg/cm^ and a temperature 
of 150°C for 5 hours. After the completion of reaction, 
the reaction liquid was cooled and filtered by a filter to 
remove the hydrogenation catalyst, thereby giving a 
cotoriess transparent polymer solution. Analysis of the 
polymer solution fordetenniningthe content of metal el- 
ements derived from the polymerization catalyst and the 
hydrogenation catalyst revealed that the contents of Ru 
and Pd in the polymer solution were below limit of de- 
tection, i.e., below 1 ppm. 

[0089] By the same procedures as described in Ex- 
ample 1 , a hydrogenation product of polymer was ob- 
tained. The yield was 29.0 parts. The product had a 
number average molecular weight (Mn) of 14,300 and 
a weight average molecular weight (Mw) of 33,300, as 
expressed in tenns of that of polyisoprene. The hydro- 
genation percentage was larger than 99%. 

Example 5 (Ring-opening polymerization) 

[0090] A 1 00 ml glass reactor equipped with a stirrer 
was charged with 30 ml of cyclohexane, 3.97 g (30 milli- 
moi) of dicyclopentadiene and 0.10 milli-mol of 1 -hex- 
ene as a molecular weight modifier. A catalyst solution 
prepared by dissolving 0.010 milli-mol of bis(1,3-diios- 
propyl-4-imidazolin-2-ylidene)benzylideneruthenium 
dichloride in 5 ml of toluene was added and polymeri- 
zation was carried out at 60°C. After addition of the cat- 
alyst, the viscosity of the polymerization liquid gradually 
increased, but the polymerization liquid was a transpar- 
ent solution and a polymer was not precipitated. One 
hour later, the polymerization liquid was poured into a 
large amount of isopropanol to precipitate a polymer. 
The polymer was collected by filtration, washed, and 
dried under reduced pressure at 40°C for 40 hours. 
Thus, a polymer prepared through ring-opening polym- 
erization was obtained in a yield of 3.6 g. The polymer 
had a number average molecular weight (Mn) of 55,500 
and a weight average molecular weight (Mw) of 
129,500, as expressed in terms of that of polystyrene. 
The polymer was soluble in toluene and THF at room 
temperature. 

Example 6 (Ring-opening polymerization) 

[0091 ] A 200 ml autoclave equipped with a stin^er was 
charged with 60 ml of cyclohexane, 7.94 g (60 milli-mol) 
of dicyclopentadiene and 0.90 milli-mol of 1 -hexene as 
a molecular weight modifier. A catalyst solution pre- 
pared by dissolving 0.010 milli-mol of [1 ,3-bis(2,4,8-tri- 
methylphenyl)-4-imida2olin-2-ylidene] (tricyclohexyl- 
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phosphine)-ben2ylideneruthenium dichloride in 10 m! of 
toluene was added and polymerization was carried out 
at 60''C, The thus-obtained polymer had a number av- 
erage molecular weight (Mn) of 1 0,500 and a weight av- 
erage molecular weight (Mw) of 24.500, as expressed 
in temns of that of polystyrene. 

Example 7 (Ring-opening polymerization and 
hydrogenation) 

[0092] A 200 ml autoclave equipped with a stirrer was 
charged with 20 ml of cyclohexane, 7.94 g (60 mllli-mol) 
of dicyclopentadiene and 0.90 milli-mol of 1-hexene as 
a molecular weight modifier. A catalyst solution pre- 
pared by dissolving 0.010 milll-mol of bis(1 ,3-dicy- 
clohexyl-4-imldazolin-2-ylidene)benzylideneruthenium 
dichloride in 10 ml of toluene was added and potymerl- 
zation was carried out at 60°C for 1 hour. The thus-ob- 
tained polymer had a number average molecular weight 
(Mn) of 10,700 and a weight average molecular weight 
(Mw) of 23,900, as expressed in tenns of that of poly- 
styrene. 

[0093] Thereafter, 0.8 g of 5% Ni/diatomaceous earth 
catalyst was added, and hydrogenation reaction was 
carried out at a hydrogen pressure of 20 kg/cm^ and a 
temperature of 160**C for 6 hours. The hydrogenation 
percentage was 99.9%. The hydrogenation product of 
polymer had a number average molecular weight (Mn) 
of 14,600 and a weight average molecular weight (Mw) 
of 32, 1 00, as expressed in temris of that of polyisoprene. 

Example 8 (Ring-opening polymerization) 

[0094] The procedures described in Example 5 were 
repeated wherein tetracyclododecene was used instead 
of dicyclopentadiene with all other conditions remaining 
the same. After the addition of a catalyst, the viscosity 
of the polymerization liquid gradually increased, but the 
polymerization liquid was a transparent solution and a 
polymer was not precipitated. One hour later, the polym- 
erization liquid was poured Into a large amount of iso- 
propanol to precipitate a polymer. The polymer was col- 
lected by filtration, washed, and dried under reduced 
pressure at 40°C for 40 hours. Thus, a polymer pre- 
pared through ring-opening polymerization was ob- 
tained in a yield of 3.4 g. The polymer had a number 
average molecular weight (Mn) of 68,1 00 and a weight 
average molecular weight (Mw) of 154,200, as ex- 
pressed in terms of that of polystyrene. The polymer was 
soluble in toluene, THF and chlorofonn at room temper- 
ature. 

Example 9 (Ring-opening polymerization and 
hydrogenation) 

[0095] The procedures for ring-opening polymeriza- 
tion and hydrogenation, described in Example 7 were 
repeated wherein tetracyclododecene was used instead 



of dicyclopentadiene and palladium/carbon catalyst was 
used instead of nickel/diatomaceous earth catalyst with 
all other conditions remaining the same. The thus-ob- 
tained polymer had a number average molecular weight 

5 (Mn) of 8,400 and a weight average molecular weight 
(Mw) of 20,100, as expressed in temris of that of poly- 
styrene. The hydrogenation percentage was 96%. The 
hydrogenation product of polymer had a number aver- 
age molecular weight (Mn) of 12,600 and a weight av- 

10 erage molecular weight (Mw) of 29,500, as expressed 
in temns of that of polyisoprene. 

Example 1 0 (Ring-opening polymerization) 

15 [0096] The procedures described in Example 5 were 
repeated wherein 0.00030 milli-mol of [1 ,3-bis(2,4,6-tri- 
methylphenyl)imidazolidin-2-ylidene]-(tricyclohexyl- 
phosphlne)benzy!ldeneruthenium dichloride was used 
instead of 0.010 milli-mol of bis(1 ,3-diiospropyl-4-imida- 
zolin-2-ylidene)benzylideneruthenium dichloride with all 
other conditions remaining the same. After the addition 
of a catalyst, the viscosity of the polymerization liquid 
gradually increased, but the polymerization liquid was a 
transparent solution and a polymer was not precipitated. 
One hour later, the polymerization liquid was poured into 
a large amount of isopropanol to precipitate a polymer. 
The polymer was collected by filtration, washed, and 
dried under reduced pressure at 40°C for 40 hours. 
Thus, a polymer prepared through ring-opening polym- 
erization was obtained in a yield of 3.8 g. The polymer 
had a number average molecular weight (Mn) of 46,200 
and a weight average molecular weight (Mw) of 
123,200, as expressed in tenns of that of polystyrene. 
The polymer was soluble in toluene and THF at room 
temperature. 

Example 1 1 (Ring-opening polymerization) 

[0097] The procedures described in Example 5 were 
repeated wherein [1 ,3-bis(1-phenylethyl)imidazoIidin- 
2-ylidene]-(tricyclohexylphosphine)benzylldeneruthe- 
nium dichloride was used instead of bis(1 ,3-diiospropyl- 
4-imidazolin-2-ylidene)benzylideneruthenium dichlo- 
ride and the amount of 1-hexene was changed to 0.30 
milli-mol with all other conditions remaining the same. 
After the addition of a catalyst, the viscosity of the po- 
lymerization liquid gradually increased, but the polym- 
erization liquid was a transparent solution and a polymer 
was not precipitated. One hour later, the polymerization 
liquid was poured Into a large amount of isopropanol to 
precipitate a polymer. The polymer was collected by fil- 
tration, washed, and dried under reduced pressure at 
40*C for 40 hours. Thus, a polymer prepared through 
ring-opening polymerization was obtained In a yield of 
3.9 g. The polymer had a number average molecular 
weight (Mn) of 25,1 00 and a weight average molecular 
weight (Mw) of 60,200, as expressed in temns of that of 
polystyrene. The polymer was soluble in toluene and 
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Example 12 (Ring-opening polymerization) 

[0098] The procedures described in Example 5 were 
repeated wherein 0.00030 milli-mol of [1 ,3-bis(2,6-di- 
ethylphenyl)-imida2olidin-2-ylidene](tricyclohexylphos- 
phine)-benzyiideneruthenium dichloride was used in- 
stead of 0.010 milli-mol of bis(1,3-diiospropyl-4-lmlda- 
zolin-2-ylidene)-benzylideneruthenium dichloride and 
the amount of 1 -hexene was changed to 0.30 mtlll-mo) 
with all other conditions remaining the same. After the 
addition of a catalyst, the viscosity of the polymerization 
liquid gradually increased, but the polymerization liquid 
was a transparent solution and a polymer was not pre- 
cipitated. One hour later, the polymerization liquid was 
poured into a large amount of isopropanoi to precipitate 
a polymer. The polymer was collected by filtration, 
washed, and dried under reduced pressure at 40°Cfor 
40 hours. Thus, a polymer prepared through ring-open- 
ing polymerization was obtained in a yield of 3.7 g. The 
polymer had a number average molecular weight (Mn) 
of 21 ,200 and a weight average molecular weight (Mw) 
of 44,800, as expressed in temns of that of polystyrene. 
The polymer was soluble in toluene and THF at room 
temperature. 

INDUSTRIAL APPLICABILITY 

[0099] According to the present invention wherein 
where a cyclic olefin is polymerized through ring-open- 
ing polymerization using a polymerization catalyst com- 
prising an organoruthenium compound or an organoos- 
mium compound, and then a hydrogenation catalyst and 
hydrogen are added in the as-obtained polymerization 
system, even though the potymerization catalyst is not 
removed from the as-obtained polymerization system, 
a hydrogenation product of polymer prepared through 
ring-opening polymerization can be efficiently and in- 
dustrially stably produced with the use of a small amount 
of the hydrogenation catalyst. Further, the polymeriza- 
tion catalyst and the hydrogenation catalyst can be ef- 
ficiently removed after the hydrogenation reaction. Es- 
pecially when a heterogeneous catalyst supported on a 
carrier is used as the hydrogenation catalyst added after 
polymerization, the polymerization catalyst and the hy- 
drogenation catalyst can be more easily removed. 
[01 00] When a polymerization catalyst comprising an 
organoruthenium compound or an organoosmium com- 
pound and further a heteroatom-containing carbene 
compound, is used, a cyclic olefin can be polymerized 
with a higher activity, and the resulting polymer is not 
precipitated even in a general-purpose solvent such as 
cyclohexane. 



1 . A process for producing a hydrogen ated product of 
a polymer prepared through ring-opening polymer- 
5 ization, which comprises: 

a polymerization step of polymerizing a cyclic 
olefin through ring-opening polymerization in 
the presence of a polymerization catalyst com- 
10 prising an organoruthenium compound or an 

organoosmium compound to prepare a poly- 
mer, and 

a hydrogenation step of adding a hydrogena- 
tion catalyst and hydrogen into a polymeriza- 
is tion system resulting from the polymerization 

step to hydrogenate the carbon-cari^on double 
bonds in the polymer prepared through the ring- 
opening polymerization. 

20 2. The process for producing a hydrogenated product 
of a polymer prepared through ring-opening polym- 
erization according to claim 1 , wherein the polym- 
erization catalyst further comprises a heteroatom- 
containing cartDene compound. 

25 

3. The process for producing a hydrogenated product 
of a polymer prepared through ring-opening polym- 
erization according to claim 1 or 2, wherein the cy- 
clic olefin contains at least 1% by weight, based on 

30 the total weight thereof, of at least one kind of com- 
pound selected from dicyclopentadienes and tetra- 
cyclododecenes. 

4. The process for producing a hydrogenated product 
35 of a polymer prepared through ring-opening potym- 
erization according to any one of claims 1 to 3, 
wherein the hydrogenation catalyst is a catalyst 
supported on a carrier. 

40 5. The process for producing a hydrogenated product 
of a polymer prepared through ring-opening polym- 
erization according to any one of claims 1 to 4, 
which further comprises, subsequent to the hydro- 
genation step, a catalyst- removing step of separat- 
es in g and removing the polymerization catalyst and 
the hydrogenation catalyst by filtration from the hy- 
drogenation reaction product mixture. 

6. A process for producing a polymer through ring- 
so opening potymerization, characterized In that a 

cyclic olefin is polymerized through ring-opening 
polymerization using a polymerization catalyst 
comprising an organoruthenium compound or an 
organoosmium compound, and a heteroatom-con- 
55 taining carbene compound in the absence of a sol- 
vent or in the presence of a halogen-free sotvent. 

7. The process for producing a polymer prepared 
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through ring-opening polynnerization according to 
claim 6, wherein the cyclic olefin contains at least 
1% by weight, based on the total weight thereof, of 
at least one kind of compound selected from dicy- 
clopentadienes and tetracyclododecenes. s 

A process for producing a hydrogenated product of 
a polymer prepared through ring-opening polymer- 
ization, characterized In that a hydrogen ati on cat- 
alyst and hydrogen are added into a polymerization io 
system resulting from the ring-opening polymeriza- 
tion process as claimed in claim 6 or 7 to hydrogen- 
ate at least a part of the carbon-carbon double 
bonds of the polymer produced through ring-open- 
ing polymerization. '5 

The process for producing a hydrogenated product 
'of a polymer prepared through ring-opening polym- 
erization according to claim 8, wherein the hydro- 
genation catalyst is a catalyst supported on a carri- 20 
er. 
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